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The interaction of Laguerre-Gauusian light at select wavelengths from 690 to 810 nm with a p-type gallium arsenide
(GaAs) photocathode photonic device and the production of photogenerated electrons was investigated. Spin angular
momentum (SAM) and orbital angular momentum (OAM) were generated using linear or circular polarization and
q-plates. The degree of polarization P from the photogenerated electron signal was measured. At an excitation of 695
nm (E = 1.78 eV ), POAM = 2.1%, PSAM = 1.3% and PSAM,OAM(q=1) = 3.4%, whereas, at 800 nm (E = 1.55 eV ), near
bandgap, POAM = −14.7%, PSAM = −2.6% and PSAM,OAM(q=1) = 4.0%.
Ever since the first report of spin-polarized electrons in
a semiconductor from circular polarized light in the 1960s,
there has been considerable interest among high energy and
condensed matter physicists on using circular polarized light
to generate spin-polarized electrons in semiconductors [1, 2].
Circularly polarized light beams carrying spin angular mo-
mentum (SAM) have been used to orient the electron spins
in semiconductors, causing formation of spin-polarized pho-
togenerated electrons. In 1968, Lampel showed that spin-
polarized electrons in semiconductor silicon (Si) can be pro-
duced by optically pumping with circular polarized light [1].
A year later, Parsons reported on band-to-band optical pump-
ing of electrons in p-type GaSb [2].
Gallium arsenide (GaAs) has several advantages over Si
and other semiconductors. Ekimov and Safarov investi-
gated the optical orientation of free carriers in n- and p-type
GaxAl1−x± crystals (same band structure as GaAs) pumped by
circular polarized light from a He-Ne laser with E = 1.96 eV
[3]. Zakharchenya et al showed the effect of optical orienta-
tion of electron spins in a GaAs crystal using a wide range
of excitation energies from 1.5 to 2.2 eV , and Pierce et al de-
tected spin-oriented electrons from GaAs using a Mott detec-
tor and circular polarized light at energies from 1.5 to 3.6 eV
[4, 5]. Seymour and Alfano measured directly spin relaxation
times in p-GaAs (Zn doped, NA= 7×1017/cm3) crystal using
time-resolved spectroscopy [6- 9]. Spintronic devices rely on
the control or manipulation of electron spins in semiconduc-
tors and have been proposed for computation, storage and in-
formation applications. Recently, due to its n-dimensionality,
orbital angular momentum (OAM), a quantum property of
light, is gaining attention as a potential way to hold more in-
formation.
This Letter focuses on the use of SAM and OAM light from
a tunable 100 femtosecond Ti:sapphire laser at wavelengths
from 690 to 810 nm to investigate photogenerated electrons
from a compact photonic device. The photonic device, with
a p-type GaAs (cesium) photocathode (at a concentration of
a)Electronic mail: lsordillo@ccny.cuny.edu
approximately 1018/cm3) and lock-in amplifier, was utilized
to visualize the degree of spin orientation of the optically
pumped electrons. In fact, the GaAs photocathode photonic
device has a dual role, acting as a sample and as a detector.
The photonic device was pumped using three select types of
light beams carrying 1) SAM (circular polarization), 2) OAM
l =±1,+2 (azimuthal polarization generated from linear po-
larized light and q-plates q = ±1/2,+1) and 3) SAM with
OAM l = ±1,+2 (light generated from circular polarization
and q=±1/2,+1), producing a photogenerated electron sig-
nal. The degree of polarization of the photogenerated electron
signal was calculated for POAM , PSAM and PSAM,OAM in terms
of the quantum excitation energies from E = 1.53 to 1.78
eV . The use of SAM and OAM to optically pump electrons
is described for electrons in a semiconductor GaAs material.
Though several recent studies have emerged on the absorption
of OAM by atoms and molecules [10-15], limited studies have
been reported on the use of OAM to optically pump electrons
in GaAs [16-17]. The following subsections highlight the im-
portant features of SAM and OAM in GaAs.
I. SPIN ANGULAR MOMENTUM
Spin-polarized electrons in GaAs are typically produced us-
ing photons carrying SAM in the form of right |R〉 or |L〉 (he-
licity σ+ or σ−, respectively) circular polarized light. The
SAM light optically pumps the electron population from the
valence band to the conduction band in select transitions (Γ8h
→, Γ6, Γ8l → Γ6 or Γ7→ Γ6), producing spin-polarized elec-
trons in the conduction band. Fig. 1 shows the selection rules
using SAM and the energy bands for a GaAs semiconductor
in k-space with respect to Γ at k = 0. The valence band (p-
symmetry) is divided into four-fold degenerate P3
2
states at
Γ8; a heavy hole (hh) at the Γ8h band and light hole (lh) at the
Γ8l band. In the presence of spin-orbit interaction, the split-
off (so) valence band at Γ7 is separated from Γ8 by an energy
difference of ∆= .34 eV and consist of two-fold degenerate P1
2
states. The s-symmetry conduction band, with two-fold de-
generate S 1
2
, is located at Γ6. At room temperature (300 K),
ar
X
iv
:1
90
1.
09
83
6v
1 
 [p
hy
sic
s.o
pti
cs
]  
28
 Ja
n 2
01
9
FIG. 1. Selection rules and the energy bands for GaAs in k-space
with respect to the center of the Brillouin zone (Γ) at k = 0.
the upper valence bands at Γ8 and the lowest conduction band
at Γ6 are separated by an energy gap Eg= 1.43 eV (Eg = 1.52
eV at 0 K).
By changing the wavelength of the incident laser light, se-
lect transitions from the sublevels can be obtained. For right
circular polarized SAM light near bandgap, only transitions
from the m j= -1/2 (valence band) to the m j= +1/2 (conduc-
tion band) and m j= -3/2 (valence band) to m j= -1/2 (conduc-
tion band) can occur. The transition probabilities are deter-
mined by calculating the matrix element of the transition for
the SAM light [18, 19]. At hν less than 1.76 eV, 〈x,σ ||S,s〉=
uc(r) χc(σ), where σ= ↓,↑ and r= |x| is the modulus of x.
Spherical harmonics Ylm (angular part of the wave function)
and uν ,c(r) (radial part) describe the heavy hole and light hole
transitions and can be written as
∣∣J,m j〉 in terms of the total
angular momentum (J) and projection quantum number (m j)
in equations (1)-(4)〈
x,σ
∣∣J = 32 ,m j = 32〉= Y11(xˆ)χ ↑ (σ)uv(r), (1)
〈
x,σ
∣∣ 3
2 ,
1
2
〉
= 1√
3
[
√
2Y10(xˆ)χ ↑ (σ)+Y11(xˆ)χ ↓ (σ)]uv(r),
(2)〈
x,σ
∣∣ 3
2 ,− 12
〉
= 1√
3
[
√
2Y10(xˆ)χ ↓ (σ)+Y1−1(xˆ)χ ↑ (σ)]uv(r),
(3)〈
x,σ
∣∣ 3
2 ,− 32
〉
= Y1−1(xˆ)χ ↓ (σ)uv(r). (4)
As the energy is increased, transitions from the split-off va-
lence band are possible. Equations (5) and (6) describe the
functions for the split-off hole,〈
x,σ
∣∣ 1
2 ,
1
2
〉
= 1√
3
[
√
2Y11(xˆ)χ ↓ (σ)−Y10(xˆ)χ ↑ (σ)]uv(r),
(5)〈
x,σ
∣∣ 1
2 ,− 12
〉
= 1√
3
[
√
2Y10(xˆ)χ ↓ (σ)
−
√
2Y1−1(xˆ)χ ↑ (σ)]uv(r).
(6)
The ratio between heavy hole and light hole transitions for σˆ±
∝ Y1±1 can be calculated using equation (7)
〈S,s| σˆ± |J, j〉 (7)
where S is the total spin and s is the spin projection. This leads
to the ratio of transition strengths in equation (8)∣∣∣∣∣
〈
S= 12 ,s=↓
∣∣ σˆ+ ∣∣J = 32 , j =− 32〉〈
S= 12 ,s=↓
∣∣ σˆ+ ∣∣J = 32 , j =− 12〉
∣∣∣∣∣
2
= 3 (8)
The strengths of the probabilities are marked as 1, 2 and 3 in
Fig.1, where 3 is the greatest relative transition probability.
The selection rules for light carrying OAM differ from the
selection rules for SAM beams.
The spin polarization of the photogenerated GaAs electrons
can be measured using equation (9)
P=
N ↑ −N ↓
N ↑+N ↓ , (9)
where N ↑ represents the number of electrons with spin paral-
lel (up) and N ↓ the number of electrons with spin anti-parallel
(down). Due to the degeneracy in energy of the hh and lh
bands at the Γ-point, the strength of the interband matrix el-
ement of the hh transition is three times stronger than the lh
transition. Thus, the theoretical spin polarization maximum P
is Ptheoretical = 50%. However, the degree of the circular po-
larization of the photoluminescence is 25% as τpe  τs, due
to a lack of electron spin relaxation during the photoemission
escape time τpe
P= Ptheoretical
τs
τpe+ τs
, (10)
where τs is the spin relaxation time from the conduction band
[1, 5]. The degree of polarization as a function of time Ps(t)
can be written as equation (11):
Ps(t) =
N ↑ −N ↓
N ↑+N ↓ exp
−t
(τs/2) , (11)
where the spin alignment decays with an exponential time 12τs
[6-8, 18]. Seymour and Alfano found that the initial spin
alignment for p-GaAs was 50± 10%, 12τs was 44± 17 ps and
τpe was 196 ±12 ps [6]. Nowadays, the degeneracy between
hh and lh at the valence band maximum is resolved by using
GaAs/GaAsP and InGaAs-AlGaAs strained-layer superlattice
and quantum well structures, for example, with maximum po-
larization of 92% [20].
II. ORBITAL ANGULAR MOMENTUM
Recently, optical pumping techniques, utilizing multipho-
ton absorption or Laguerre-Gaussian modes with different
amounts of orbital angular momentum (OAM), have been
used to excite electrons in GaAs. These studies resulted in
electron polarizations of∼42% and 3%, respectively [16, 17].
Unlike SAM, which has two states (spin up or spin down),
OAM has countless states. Thus, OAM may be utilized in ar-
eas including quantum information technology, optical tweez-
ing and optical information theory. OAM is described quan-
tum mechanically as discrete intervals of lh¯ and by the helical
2
(twisted) phase factor eilϕ (where l is the topological charge
and ϕ is the azimuthal direction) and possesses zero momen-
tum at the center of the vortex [21-23]. Fig. 2 (adapted from
Clayburn et al) shows selection rules for light carrying OAM
with l =+1 and +2 [17]. For OAM l =+1, there are several
transition paths for the electron. These transitions have a net
angular momentum of either 0 or +2h¯, due to conservation of
momentum. For l =+2 the transitions are primarily from the
negative spins in the both p-symmetry valence bands to the
conduction band [17, 24, 25]. There are numerous methods
which can be utilized to generate these beams (SLM, optical
vortex retarder and q-plates) [26]. The q-plate is a patterned
birefringent liquid crystal plate with semi-integer or integer
topological charge q [27-33]. The polarization transformation
from the q-plates in the xy plane is given by the Jones matrix
in equation (12)
Mq =
(
cos2qθ sin2qθ
sin2qθ −cos2qθ
)
(12)
where the azimuthal angle θ = arctan yx .When |R〉 or |L〉 from
a quarter wave plate (QWP) falls upon a q-plate, the output
beam will be in an entangled optical state of polarization and
OAM.
FIG. 2. Selection rules for light carrying OAM= +1 and +2 (adapted
from Clayburn et al [17]).
Linear polarized light from a Coherent Ti:sapphire laser at
100 mW of power was used to create light with entangled
SAM and OAM. The wavelength of the light was selected in
increments of 5 nm from 690 to 810 nm, which corresponds
to the energy bands of GaAs. Right and left circular polarized
light carrying SAM was created from linear polarized laser
light and a rotating quarter wave plate (QWP), while twisted
photons carrying OAM were obtained using q-plates of dif-
ferent topological charge q= ±1/2 and +1. Fig. 3(a) shows
the optical setup with linear polarized light and a QWP, re-
sulting in either left or right circular polarized light (SAM).
Liquid crystal q-plates with a signal generator and topological
charge q=-1/2, +1/2 or +1 were used to generate OAM light
(Fig. 3(b)). SAM and OAM light was created using a q-plate
and QWP and is shown in Fig 3(c). The plates were kindly
provided by Professor Lorenzo Marrucci of the Universita’ di
Napoli Federico II [33]. An important feature of this study is
the ability to produce either radial or azimuthal polarization.
FIG. 3. The optical setup includes a Ti:sapphire laser, a GaAs pho-
tonic device and a lock-in amplifier. The optical setup was adjusted
for three cases: (a) a QWP to produce SAM light, (b) a q-plate to
produce OAM light and (c) a q-plate and QWP to produce SAM and
OAM light.
The optical state of the beam before and after pass-
ing through a q-plate can be described using ket notation:
|polarization,OAM(l)〉. When light carrying horizontal |H〉
linear polarization |LP〉 (a superposition of |L〉 and |R〉) passes
through a q-plate with topological charge q, the resultant light
beam has azimuthal polarization and is described by equation
(13):
|H,0〉 → (|R,+2q〉+ |L,−2q〉)√
2
, (13)
where |L〉 and |R〉 represent left and right circular polarized
light, respectively, and |0〉 is a superposition of +1 and -1
OAM. Thus, for q=+1/2, the |H〉 light beam is described as
shown in equation (14)
|H,0〉 → (|R,+1〉+ |L,−1〉)√
2
, (14)
Similarly, for q=+1, the output light beam will be described
by equation (15)
|H,0〉 → (|R,+2〉+ |L,−2〉)√
2
(15)
However, when light carrying |L〉 or |R〉 circular polarization
emerges from a q-plate, for example from q=+1/2, the resul-
tant beam is described by equations (16) and (17)
|R,0〉 → |L,−1〉 (16)
|L,0〉 → |R,+1〉 (17)
In each scenario, the photogenerated electron signals were
recorded using a GaAs photocathode photonic device. The
photonic device (Hamamatsu model number R636-10) is
made of photocathode material p-type GaAs with a spectral
response from 185 to 930 nm. The GaAs surface was treated
3
with cesium (Cs) in order to obtain a negative electron affinity.
A lock-in amplifier with a reference chopper at a frequency of
0.9 kHz was used. The electron signal intensities from optical
pumping (incident light) versus time in seconds was recorded
and displayed using a computer program. Fig. 4 summarizes
FIG. 4. Intensity of the recorded photogenerated electron signals
based on optical pumping with SAM and OAM incident light (la-
beled in terms of the input beams) versus wavelength (nm)
the recorded electron signal intensities, based on SAM and
OAM incident light, at select wavelengths from 690 to 810 nm
(in increments of 5 nm). Input light in the form of right and
left circular polarization (labelled as |R〉 and |L〉), horizontal
linear polarization and q-plates (labelled as q= -1/2, +1/2, +1)
and circular polarization and a q-plate (labeled as |L,−2〉 and
|R,+2〉) was detected and the singal was recorded using the
photonic device at different wavelengths from 690 to 810 nm.
The graphs show similar spectral shapes with peak maxima at
a wavelength of 710 nm and minima at 810 nm.The decrease
in the shape of the curve is due the surface electron affinity
of the GaAs photonic device over time (decrease in quantum
efficiency).
FIG. 5. Degree of polarization of the photogenerated electron sig-
nal pumped with SAM and OAM incident light beams versus wave-
length (nm)
The degree of polarization (P) of the photogenerated elec-
tron signals was assessed for each of the three different cases
of optical pumping by using the recorded photogenerated
electron signal intensity (I) peaks from the spectra illustrated
in Fig. 4. The degree of polarization (PSAM) of the elec-
tron was calculated using the photogenerated electron signal
pumped with |L〉 and |R〉 incident light and using equation
(18)
PSAM =
I|R〉− I|L〉
I|R〉+ I|L〉
, (18)
where |R〉 and |L〉 represent the right and light circularly po-
larized beam (SAM). Similarly, the degree of polarization
(POAM) of the electron signal pumped with OAM (q=+1/2 and
q=−1/2) incident light was calculated using equation (19)
POAM =
I|q=+1/2〉− I|q=−1/2〉
I|q=+1/2〉+ I|q=−1/2〉
, (19)
Lastly, the degree of polarization (PSAM,OAM (q=1)) of the elec-
tron signal pumped with |R〉 and |L〉 and q=+1 incident light
was calculated using equation (20)
PSAM,OAM(q=1) =
I|R,q=+1〉− I|L,q=−1〉
I|R,q=+1〉+ I|L,q=−1〉
, (20)
When the photon energy hν is greater than (Eg+∆), above
hν ∼ 1.77 eV , electrons from the so valence band and the
upper bands will be excited simultaneously. This causes the
polarization to approach zero due to equal numbers of pho-
toexcited electrons with spins up and down [5, 18, 33]. At
an excitation wavelength of 695 nm (E = 1.78 eV ), above
the bandgap, the degree of polarization was found to be
POAM = 2.1%, PSAM = 1.3% and PSAM,OAM(q=1) = 3.4%.
These results are compared with the energy at E = 1.55
eV , near bandgap, POAM = − 14.7%, PSAM = − 2.6%
and PSAM,OAM(q=+1) = 4.0%. Overall, PSAM,OAM shows lit-
tle change throughout the wavelength spectrum, remaining at
∼ 2.5%, which is close to null. The greatest variation in po-
larization was from POAM , with a prominent peak at a wave-
length of 790 nm equal to −15.9021% for OAM l = +1. As
hν < (Eg+∆), POAM becomes negative with decreasing en-
ergy. The negative sign of P is attributed to the spin orienta-
tion being opposite to the angular momentum of the incident
photon and may be due to the electrons with transitions from
the split-off band with a negative orientation [18, 34].
Limited studies have been reported on the use of OAM to
optically pump electrons in GaAs. The transfer of SAM and
OAM beams to electron spins in GaAs was investigated us-
ing a GaAs photocathode photonic device. The degree of
polarization the electron varied due to the wavelength of the
excitation beam, the handedness of the beam and the value
of l. The use of azimuthal OAM light, without the radial
component, was observed. For so transitions, POAM = 2.1%,
while PSAM = 1.3% and PSAM,OAM(q=+1) = 3.4%. For near
bandgap transitions POAM = − 14.7%, PSAM = − 2.6% and
PSAM,OAM(q=+1) = 4.0%. These results suggest that light car-
rying OAM, generated using q-plate of different topological
4
charge, may be utilized to transfer momentum efficiently to
the spin-polarized electrons in GaAs, and may ultimately be
used in the field of spintronics. Our future work will focus
on the spin relaxation and recombination times of the spin-
polarized electrons using SAM and OAM beams.
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